Introduction
============

Hepatitis C virus (HCV) infects approximately 185 million people worldwide and is a leading cause of liver cirrhosis and hepatocellular carcinoma ([@b1-mmr-19-02-1016]). Yet, no effective HCV vaccine is available. Although the introduction of new direct-acting antiviral agents (DAAs) is highly effective in the treatment of all HCV genotype infections, their use is limited by high cost, treatment accessibility and potential drug resistance ([@b2-mmr-19-02-1016]). Furthermore, patients cured following DAA use are susceptible to reinfection ([@b3-mmr-19-02-1016]). Therefore, an effective prophylactic vaccine is necessary to protect against HCV infection.

HCV, a positive-stranded RNA virus, exists as seven major genotypes and numerous subtypes. However, the high genetic variability of the HCV genome presents many challenges for vaccine development ([@b4-mmr-19-02-1016]). Previous studies have shown that the T-cell immune response plays a crucial role in HCV clearance ([@b5-mmr-19-02-1016],[@b6-mmr-19-02-1016]). It is now known that timely production of cross-neutralizing antibodies (NAbs) are associated with viral resolution ([@b7-mmr-19-02-1016]).

HCV envelope glycoproteins E1 and E2 form a heterodimer on the surface of HCV. Various types of E1E2-based vaccine candidates have been tested. However, a phase I study with recombinant HCV E1/E2 envelope glycoprotein as a candidate vaccine did not induce a strong immune response in volunteers ([@b8-mmr-19-02-1016],[@b9-mmr-19-02-1016]). E2, the larger one of the two envelope proteins, interacts directly with cellular receptors CD81 and scavenger receptor class B member 1 (SR-B1) to mediate viral entry ([@b10-mmr-19-02-1016]). E2 is an optimal antigen candidate for HCV vaccination because it possesses most NAb-recognized epitopes ([@b11-mmr-19-02-1016]--[@b13-mmr-19-02-1016]). To date, a number of HCV vaccine candidates based on E2 have been explored. A DNA vaccine encoding HCV E2 has been shown to induce specific antibody responses in mice ([@b14-mmr-19-02-1016]). Prime-boost immunization with the virus-like particles (VLPs) containing E2, E1, or both elicited NAbs in non-human primates ([@b15-mmr-19-02-1016]). A subunit vaccine based on soluble E2 (sE2) of the Con1 strain (GT1b) induces NAbs in mice and rhesus monkeys ([@b16-mmr-19-02-1016],[@b17-mmr-19-02-1016]). A recent study also demonstrated that a trivalent HCV vaccine containing sE2 from genotypes 1a, 1b and 3a elicited a broad, synergistic polyclonal antibody response in mice and rhesus monkeys ([@b18-mmr-19-02-1016]).

Viral vector vaccines have been demonstrated to induce strong cellular and humoral immune responses. A variety of viral vectors, such as adenovirus, poxvirus and measles, have been tested as platforms for HCV vaccination ([@b19-mmr-19-02-1016],[@b20-mmr-19-02-1016]). In recent years, the adeno-associated virus (AAV) vector, a single-stranded DNA virus from the Parvoviridae family, has emerged as an attractive agent for vaccine development owing to its long-term persistence, high efficiency, low immunogenicity and lack of pathogenicity in gene delivery studies. Moreover, AAVs are also able to infect both non-dividing and dividing cells in the liver, muscle and brain ([@b21-mmr-19-02-1016]--[@b23-mmr-19-02-1016]). A remarkable feature of AAV vector vaccines is their capacity to induce strong and long-lasting antibody responses. Several studies have documented that the induction of humoral responses could last for many months ([@b24-mmr-19-02-1016]--[@b27-mmr-19-02-1016]). Such prominent antibody response may be relevant to the high and sustained expression of the immunogen by most AAV serotypes ([@b27-mmr-19-02-1016]--[@b29-mmr-19-02-1016]). AAV8 has shown remarkable potential as a gene delivery vector *in vivo* ([@b30-mmr-19-02-1016]). AAVrh32.33, a novel vector isolated from rhesus macaques, has relatively low seroprevalence in humans compared to AAV2 and AAV8 ([@b31-mmr-19-02-1016],[@b32-mmr-19-02-1016]). Genetic vaccines based on AAV8 and AAVrh32.33 vectors encoding truncated dengue virus envelope proteins have been shown to elicit a long-lasting humoral responses in mice ([@b33-mmr-19-02-1016]).

Previously, we constructed an HCV vaccine based on AAVrh32.33 expressing NS3/4 protein, which exhibits immunogenic properties superior to those of an NS3-protein-based vaccine in C57BL/6 mice ([@b34-mmr-19-02-1016]). In the present study, we continued to focus on AAV vectors and generated AAV2/8 and AAV2/rh32.33 vectors expressing HCV E2 protein. After purification and titration of the two recombinant vectors, we evaluated their humoral immunity induced in C57BL/6 mice.

Materials and methods
=====================

### Plasmid construction

Serum samples of HCV GT1b were collected from six patients (four females and two males, aged 30--50 years) diagnosed at the Affiliated Hospital of Jining Medical University (Shandong, China) between April and August 2017 after obtaining written informed consent from the HCV-infected patients. The study was approved by the Ethics Committee of Jining Medical University. Total RNA was obtained using a viral RNA Mini kit (Qiagen, Duesseldorf, Germany) according to the manufacturer\'s protocol. cDNA was synthesized using the PrimeScript II First-Strand cDNA Synthesis kit (Takara Bio Inc., Tokyo, Japan). Next, the HCV E2 gene was amplified by PCR with Pyrobest DNA polymerase (Takara Bio Inc.) and specific primer. Two primer sequences were used: forward, 5′-GGAAGATCTCGCCGCCACCATGGTGGGGAACTGGGC-3′ and reverse, 5′-GTCTAGCGGCCATTAAACTCACGCCTCCGCTTGGGAT-3′. *Not*I and *Bgl*II sites were used to clone the amplicons into the AAV *cis*-plasmid (a kind gift from Dr Wilson, Gene Therapy Program, Department of Pathology and Laboratory Medicine, University of Pennsylvania, Philadelphia, PA, USA). The identification of AAV recombinants was confirmed by restriction enzyme digestion and sequencing. The recombinant plasmid was named pAAV.CMV.HCV.E2.

### Detection of HCV E2 expression in 293 cells

293 cells were plated at a density of 1×10^6^ cells in a 6-well plate with Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and then incubated at 37°C in a 5% CO~2~ incubator. After 24 h, they were transfected with 4 mg AAV plasmids encoding eGFP (pAAV.CMV.eGFP) or HCV E2 (pAAV.CMV.HCV E2) by Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer\'s instructions. Seventy-two hours after the transfection, eGFP gene expression was confirmed using a direct fluorescence microscopy (Micro Publisher 3.3 RTV; Olympus Corp., Tokyo, Japan) and HCV E2 gene expression was detected by western blot analysis. The transfected cells were harvested and lysed as samples. After separation using 10% sodium dodecyl-sulfate polyacrylamide gel electrophoresis gels (SDS-PAGE), samples were transferred onto a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked for 2 h with 5% non-fat milk, incubated overnight at 4°C with an anti-HCV E2 monoclonal antibody (cat. no. 1876-E2; 1:100; Virostat; Bio-Lab Laboratories Ltd., Beijing, China), washed three times in Tris-buffered saline with Tween-20 (TBST), and then incubated with the horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibody (cat. no. ab6789; 1:10,000; Abcam, Cambridge, MA, USA) for 1 h at room temperature. Finally, protein expression was visualized using Pierce ECL Western Blotting substrate (Pierce Biotechnology, Inc.; Thermo Fisher Scientific, Inc.), quantified using densitometry, and analyzed using Gel-Pro software version 3.2 (Media Cybernetics, Inc., Rockville, MD, USA). Glyceraldehyde 3-phosphate ehydrogenase (GAPDH) was used an internal control in western blot analyses.

### Production of rAAV vectors

All rAAV vectors were packaged by triple plasmid transfection in 293 cells, as previously described ([@b35-mmr-19-02-1016],[@b36-mmr-19-02-1016]). The triple plasmid system is comprised of an AAV *cis*-plasmid containing HCV E2 cDNA (pAAV.CMV.HCV E2), an adenovirus helper plasmid (pAd.F6), and a chimeric packaging plasmid that contains the AAV2 *rep* gene and the AAV8 (or AAVrh32.33) *cap* gene (pAAV2/8 or pAAV2/rh32.33). All plasmids were extracted using a Plasmid Maxi kit (Qiagen) following the manufacturer\'s instructions. Briefly, 2 h before transfection, at the point when the 293 cells were cultured in 15-cm culture dishes reaching high confluence (70--80%), they were treated with 20 ml DMEM supplemented with 10% FBS without antibiotics. Equimolar plasmids were dissolved in 650 µl of CaCl~2~ (2.5 M) and 5.9 ml of Milli-Q water, then mixed rapidly with 12.5 ml of 2X 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-buffered saline (pH 7.05) to prepare the transfection solution. A 2.5 ml aliquot of the above transfection solution was gently added to each dish. After slowly swirling the contents to mix, the cells were incubated at 37°C in a 5% CO~2~ incubator continuously. At 16 h post-transfection, the medium was replaced with fresh DMEM containing 10% FBS and 100 mg/ml streptomycin and penicillin. Another 72 h after medium replacement \[at which time eGFP signals were visualized as distinctly shaped foci on fluorescence microscopy (Thermo Fisher Scientific, Inc.)\], cells were collected and resuspended with 10 ml of NaCl (150 mM) and Tris (20 mM, pH 8.0). Next, benzonase nuclease (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added to a final concentration of 50 U/ml to remove nucleic acid contamination. rAAV was obtained from lysed 293 cells by means of three consecutive freeze-thaw-cycles (−80°C and 37°C). The rAAV vectors were purified by three rounds of cesium chloride gradient centrifugation, and then concentrated using Amicon Ultra-15 centrifugal filter devices (100K; Merck Millipore, Billerica, MA, USA). The AAV genome titers \[genome copies (GC) per ml\] were detected by real-time PCR using Premix Ex Taq (Takara Bio Inc.) corresponding to the polyA region of the AAV vector.

### Immunization of mice

All animal procedures were performed in accordance with the protocols approved by the Ethics Committee of Jining Medical University. Female C57BL/6 mice (4--6 weeks of age, weight 15.00±0.31 g) were purchased from SLAC Laboratory Animal Company (Shanghai, China) and housed at a constant temperature with a 12 h dark/light cycle. Food and water were available *ad libitum*. The mice were randomly divided into 4 groups of 10 mice each. After being anesthetized by inhalation of 1.5% isoflurane in oxygen, two groups of mice were immunized intramuscularly (tibialis anterior muscle of the hind leg) with rAAV2/8.HCV E2 vaccine or rAAV2/rh32.33.HCV E2 vaccine (1×10^11^ GC per mouse). The other two groups were immunized with pAAV.CMV.HCV.E2 plasmid (100 µg per mouse) or phosphate-buffered saline (PBS) (100 ml per mouse) as controls. At weeks 12 and 16 post-immunization, two mice in each group were sacrificed by inhalant isoflurane overdose (1.5%), for skeletal muscle harvesting from the vaccine injection area. The tissue samples were stored at −80°C for subsequent western blot analysis. Blood samples of mice were collected via retro-orbital puncture under anesthesia as above at weeks 0, 4, 8, 12 and 16 post-immunization and stored at −20°C.

### Evaluation of HCV E2-specific antibody reactivity

To measure HCV E2-specific antibody reactivity, mouse sera were evaluated by enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well plates were coated with GST-E2 peptide and incubated overnight at 4°C. Plates were then washed with phosphate-buffered solution (PBST) and blocked with 1% bovine serum albumin (BSA) for 2 h at room temperature. A 1:1,000 dilution anti-mouse IgG HRP-conjugated antibody (cat. no. A5278; Sigma-Aldrich; Merck KGaA) was used as a secondary antibody. Mouse serum samples were diluted to 1:2 and 1:20 for ELISA analysis. After washing with PBST, 3,3′,5,5′-tetramethylbenzidine (Invitrogen; Thermo Fisher Scientific, Shanghai, China) was added to each well. Finally, the plates were read at a wavelength of 450 nm (OD~450~ nm; ELx800; BioTek Instruments, Inc., Winooski, VT, USA). IgG titers are presented as the reciprocal of the highest serum dilution at which the OD~450~ nm was higher than twice that of the control.

### Evaluation of neutralizing antibody response to hepatitis C virus

To evaluate the neutralizing ability of HCV-specific antibodies, infectious pseudo-particles expressing HCV envelope glycoproteins (HCVpp) with E2 protein of five genotypes \[1a (H77), 1b (Hebei), 2a (JFH1), 3a (S52) and 5a (SA13)\] were produced to evaluate NAb induction ([@b37-mmr-19-02-1016],[@b38-mmr-19-02-1016]). After purification in a protein G column, serum samples were serially diluted and incubated with HCVpp for 1 h at 37°C, at which time the mixtures were used to infect Huh7.5 cells. After 48 h, luciferase activity in the infected Huh7.5 cells was detected with a Bright-Glo luciferase assay (Promega, Madison, WI, USA). Data were reported as relative luminescence units. The positive control, AP33, is a monoclonal anti-E2 antibody with broad cross-neutralization ability. Neutralizing capacity was evaluated by comparing the luciferase activity in cells infected with HCVpp that had been incubated with serum from vaccinated animals to those that had been incubated with pre-vaccinated serum from the same mice.

### Evaluation of neutralizing antibody response against the AAV vector

Serum samples collected from 20 naive mice and 20 humans were diluted to determine anti-AAV2/rh32.33 and -AAV2/8 vector NAb levels. Briefly, serum samples were inactivated at 56°C for 35 min. The AAV2/8.CMV.eGFP and AAV2/rh32.33.CMV.eGFP vectors were diluted in serum-free DMEM and incubated with serial dilutions (1:20 and 1:80) of serum samples at 37°C for 1 h. Next, 100 µl of the serum-vector mixture was added to the 293 cells that had been infected 2 h earlier with wild-type adenovirus 5. After incubation at 37°C under 5% CO~2~ for 24 h, eGFP protein expression was evaluated for each group with fluorescence microscopy (Thermo Fisher Scientific, Inc.). NAb titer was determined as the highest serum dilution that inhibited AAV transduction (eGFP expression) by 50%, relative to the mouse serum control.

### Statistical analysis

Mean values are reported with standard deviations (SDs). GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA) and SPSS software (version 17.0; SPSS, Inc., Chicago, IL, USA) were used for statistical analyses. Differences between groups were examined by Student\'s t-test for two groups and one-way analysis of variance (ANOVA) followed by a least significant difference test for multiple comparisons. A P-value of \<0.05 was considered statistically significant.

Results
=======

### Expression of the AAV plasmid encoding the HCV E2 gene in vitro

*In vitro* expression of HCV E2 protein was evaluated by western blot analysis in recombinant AAV plasmid-transfected 293 cell lysates 72 h after transfection. 293 cells transfected with pAAV.CMV.HCV E2 plasmid had a band of \~70 kDa, whereas those transfected with pAAV.CMV.eGFP had no detectable band ([Fig. 1](#f1-mmr-19-02-1016){ref-type="fig"}).

### Comparison of HCV E2 expression among the different vaccines

The rAAV final yield ranged from 5.53×10^11^ GC to 1.02×10^12^ GC. HCV E2 expression was compared between HepG2 cells infected with rAAV2/8.HCV E2 vaccine or rAAV2/rh32.33.HCV E2 vaccine, respectively (MOI=3×10^4^ GC). HepG2 cells transfected with pAAV.CMV.HCV.E2 plasmid or pAAV.CMV.eGFP plasmid served as positive and negative controls, respectively. After 72 h, the 70-kDa antigen was effectively expressed in cell lysates (data not shown). Western blot analysis of E2 expression in injection-area skeletal muscle (2 mice/group) showed that AAV plasmid (control group) and the two rAAV vaccines (AAV2/rh32.33 and AAV2/8) expressed HCV E2 protein in immunized mice for at least 16 weeks post-immunization ([Fig. 2](#f2-mmr-19-02-1016){ref-type="fig"}). In addition, the HCV E2 expression level did not differ between the rAAV and the AAV plasmid.

### HCV E2-specific antibody induced by AAV vaccine

To assess AAV immunogenicity, HCV E2-specific IgG antibody in sera from mice vaccinated with AAV was measured by ELISA. Four groups of mice were immunized with rAAV2/rh32.33.HCV E2 vaccine, rAAV2/8.HCV E2 vaccine, pAAV.CMV.HCV E2 plasmid, or PBS (control). The result showed that antigen expressed by the AAV vaccine elicited HCV E2-specific antibody production that persisted for more than 16 weeks post-vaccination (time course shown in [Fig. 3A](#f3-mmr-19-02-1016){ref-type="fig"}). All animals immunized with rAAV vaccines or AAV plasmid produced anti-HCV E2 antibody. Furthermore, the antibody level in the rAAV2/rh32.33 vaccinated group was significantly higher than that of the PBS control group at week 12 (P=0.012) and 16 post-immunization (P=0.006). For each group, the finding that antibody levels were higher at week 16 compared to week 4 post-immunization ([Fig. 3B-D](#f3-mmr-19-02-1016){ref-type="fig"}) indicates that the immunologic effect of each vaccine is time-dependent over a specified time frame. When the serum was diluted out, it was also found that the HCV E2-specific antibody level induced by rAAV2/rh32.33 vaccination was higher than that induced by rAAV2/8 vaccination or AAV plasmid administration, while the HCV E2-specific antibody response induced by rAAV2/8 vaccine was similar to that induced by the AAV plasmid ([Fig. 3B-D](#f3-mmr-19-02-1016){ref-type="fig"}).

### Neutralizing antibody against HCV induced by AAV vaccine

To assess the cross-neutralization ability of HCV-specific antibodies, a luciferase reporter HCVpp with E2 protein of five genotypes (1a, 1b, 2a, 3a and 5a) was generated. Serum samples were collected at weeks 12 and 1:50 diluted antisera were tested for neutralization against HCVpp of five genotypes. As shown in [Fig. 4](#f4-mmr-19-02-1016){ref-type="fig"}, both AAV vaccines demonstrated significant neutralization of HCVpp derived from HCV genotypes 1a and 1b at week 12.

### Neutralizing antibody against AAV in human and mouse sera

To evaluate the NAbs to AAV vectors, serum samples from human and naive mice were collected and diluted to detect the levels of NAbs directed against AAV2/rh32.33 and AAV2/8 vectors. The NAb titer was determined as the highest serum dilution that inhibited AAV transduction (eGFP expression) by 50% compared to mouse control serum. As shown in [Fig. 5](#f5-mmr-19-02-1016){ref-type="fig"}, the eGFP protein expression levels in the AAV2/8 group were inhibited \>50%, which is more than that observed for the AAV2/rh32.33 group both at serum dilutions of 1:20 and 1:80. Thus, NAb titers to AAV2/rh32.3 were lower than NAb titers to AAV2/8.

Discussion
==========

There are many obstacles to develop a prophylactic hepatitis C virus (HCV) vaccine, such as the extensive variability of the HCV genome and the absence of a suitable small animal model. However, several candidate HCV vaccines have been created, including DNA vaccines, recombinant viral vectors, proteins and virus-like particles (VLPs) ([@b39-mmr-19-02-1016],[@b40-mmr-19-02-1016]). Vector comparison is valuable to illustrate factors influencing vaccine immunogenicity and to improve genetic vaccination.

HCV vaccines based on recombinant viral vectors have generated promising results in preclinical experiments. To date, four vector vaccines have been able to induce T-cell and B-cell responses in rhesus macaques in prime-boost regimens: DNA, SFV, human serotype 5 adenovirus (HuAd5) and modified vaccinia ankara (MVA) poxvirus expressing HCV core, E1, E2 and NS3 ([@b41-mmr-19-02-1016]). Simian adenoviral vaccine vectors (ChAdOx) encoding genetically conserved gene segments from HCV primed broad, cross-reactive T-cell responses successfully in C57BL/6 mice ([@b42-mmr-19-02-1016]). Relative to these commonly used viral vectors, rAAV vectors have potential advantages for vaccine and gene transfer applications owing to their lower inflammatory potential, availability of viral serotypes with different tissue tropisms, and possible long-lasting gene expression. Additionally, AAV-based genetic vaccines encoding the antigen genes of interest can elicit both humoral and cellular immune responses to the transgene. A genetic HIV vaccine based on AAV vectors induced anti-HIV T-cell responses in mice ([@b43-mmr-19-02-1016]). The use of AAV vectors for delivery of broadly neutralizing HIV antibodies could stimulate long-term, systemic broadly neutralizing antibody in the absence of immunization to prevent HIV infection ([@b28-mmr-19-02-1016]). However, AAV vaccines have been limited by factors such as high sero-prevalence in humans. To date, more than 120 AAV serotypes and variants have been identified; several serotypes, such as AAV8 and AAVrh32.33, show high transduction efficiency but low sero-prevalence ([@b44-mmr-19-02-1016]). Genetic vaccines based on AAV8 and AAVrh32.33 vectors encoding truncated dengue virus envelope proteins have been shown to elicit long-lasting humoral responses in mice ([@b33-mmr-19-02-1016]). Hence, we chose AAV8 and AAVrh32.33 vectors to create HCV vaccines and compared their immunogenicity in C57BL/6 mice by intramuscular injection.

The present study is the first study to show that AAV vectors can express HCV E2 antigen and induce humoral immune responses in mice. In this study, both AAV vaccines produced high absolute levels of HCV E2 antigen in mice. Antigen synthesis lasted for several weeks, and the synthesized antigen provided continuous stimulation to the mouse immune system. However, the HCV E2 expression level did not differ between the rAAV and the DNA. There are a few possible explanations for this finding. Firstly, our AAV vaccine was of low purity and quality. Secondly, the small sample size of immunized mice may have underpowered the study to detect a true difference. We will conduct further experiments to clarify whether a difference does exist. Furthermore, the HCV E2-specific antibody assay showed that the AAV2/rh32.33-based HCV vaccine induced higher levels of E2-specific antibodies than did the AAV2/8 vaccine. Thus, the AAV2/rh32.33-based HCV vaccine appears to possess superior immunogenic properties compared to the AAV2/8-based vaccine. Moreover, there were fewer NAbs to AAVrh32.33 than to AAV8 in mice and human sera, indicating that AAVrh32.33 may be safer than AAV8.

Previously, we developed HCV vaccines based on an AAVrh32.33 vector expressing HCV NS3 or NS3/4b that could elicit strong and persistent T-cell immunity in mice ([@b34-mmr-19-02-1016]). Moreover, there have been studies indicating that an AAVrh32.33 vector encoding antigens of HIV-1 would stimulate stronger immune responses than an AAV8 vector in non-human primates ([@b31-mmr-19-02-1016]). Above all, we speculate that, beyond safety, AAVrh32.33 could stimulate potent transgene production more efficiently. Thus, AAV vectors, especially AAVrh32.33, are attractive potential vectors for HCV vaccine design.

Since humoral immunity and NAbs play a pivotal role in HCV clearance, the identification of conserved epitopes associated with viral neutralization is a crucial factor in the development of an effective prophylactic HCV vaccine. The envelop glycoprotein E2 is the primary target of the anti-HCV NAb response. In past decades, several studies have helped to elucidate the structural features of HCV glycoprotein E2, showing that key epitopes targeted by NAbs on the 'front layer' of E2 exhibit structural heterogeneity. Thus, E2 appears to be an ideal antigen candidate for HCV vaccine design ([@b45-mmr-19-02-1016],[@b46-mmr-19-02-1016]). In this study, we developed HCV vaccines based on AAV vectors expressing E2 protein from GT1b, which is the predominant genotype in the Chinese population, accounting for 56.8% ([@b47-mmr-19-02-1016]). Firstly, we investigated and compared HCV E2 protein expression levels for three different designs. Western blot analysis showed that all constructs produced the 70-kDa E2 protein. We then determined that AAV vaccines encoding HCV E2 could induce high-level production of HCV E2-specific antibodies and NAbs in C57BL/6 mice. Additionally, cross protection against genotypes 1a and 1b were superior to that directed against genotypes 2a, 3a and 5a HCVpp. Our finding is consistent with that of previous research showing that genotype 1 antigen induced weaker neutralization against HCV genotypes 2, 3 and 5 than genotype 1 ([@b48-mmr-19-02-1016]). However, efficient T-cell responses were not detected in immunized mice in this study (data not shown). One possible explanation is that T-cell-specific epitopes are not properly exposed in whole HCV E2 protein. Therefore, further exploration of truncated E2 proteins possessing T-cell-specific epitopes is needed.

In conclusion, we constructed novel AAV-based vaccines encoding E2 protein directed against HCV and confirmed their ability to elicit E2-specific antibody and NAb responses in C57BL/6 mice. We plan to further evaluate the immunity generated by AAV vaccines in immune-competent humanized mice. Moreover, we will explore other optimal antigens to induce both humoral and cell responses against HCV, with the goal of developing an efficient prophylactic HCV vaccine.
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![Expression of a recombinant HCV E2 gene. Western blot detection of HCV E2 expression in 293 cells after transfection with pAAV.CMV.HCV E2 (lanes 1 and 2) or pAAV.CMV.eGFP (lanes 3 and 4). The HCV E2 protein is approximately 70 kDa. The protein GAPDH (36 kDa) was used as an internal control. The result shown is representative of three experiments.](MMR-19-02-1016-g00){#f1-mmr-19-02-1016}

![Comparison of HCV E2 expression across vaccine groups in mouse skeletal muscle. Western blot analysis of injection-area skeletal muscle from 2 mice/group 12 weeks (lanes 1 and 2) and 16 weeks (lanes 3 and 4) after immunization. (A) rAAV2/rh32.33.HCV E2; (B) rAAV2/8. HCV E2; (C) pAAV.CMV.HCV.E2; (D) non-immunized control. The protein GAPDH (36 kDa) was used as an internal control. The result shown is a representative of three experiments.](MMR-19-02-1016-g01){#f2-mmr-19-02-1016}

![HCV E2-specific antibody elicited by different AAV vaccines. (A) ELISA-determined time course of mean (± SD) serum anti-HCV E2 IgG levels (n=8). The antibody level induced by the rAAV2/rh32.33 vaccine was higher than that induced by the rAAV2/8 vaccine or AAV plasmid. (B-D) Mean (± SD) antibody level for each group with 1:2 and 1:20 serum dilution (n=8). (B, rAAV2/rh32.33.HCV E2; C, rAAV2/8.HCV E2; D, pAAV.CMV.HCV E2). \*P\<0.05; \*\*P\<0.01.](MMR-19-02-1016-g02){#f3-mmr-19-02-1016}

![Detection of AAV vaccine-induced neutralizing antibody in mouse serum. Cross-neutralization was tested at a dilution of 1:50 for serum sample capacity to neutralize infection with HCVpp of various genotypes. Huh-7.5 cells were infected with 100 TCID~50~. Mean (± SD) percentages of HCVpp neutralization are shown; \*P\<0.05.](MMR-19-02-1016-g03){#f4-mmr-19-02-1016}

![Neutralizing antibody against AAV vector in human and mice sera. Serum samples from human and naive mice were diluted (1:20 and 1:80) and tested against AAV8 or AAVrh32.33. (A) The eGFP protein expression levels for each group indicated the NAb levels against AAV vectors (magnification, ×200). Samples were considered positive at a serum dilution of 1:20 (B) or 1:80 (C) when vector transduction was inhibited by 50%. \*P\<0.05; \*\*P\<0.01.](MMR-19-02-1016-g04){#f5-mmr-19-02-1016}
